Abstract Inflow data from 23 tunnels and galleries, 136km in length and located in the Aar and Gotthard massifs of the Swiss Alps, have been analyzed with the objective (1) to understand the 3-dimensional spatial distribution of groundwater flow in crystalline basement rocks, (2) to assess the dependency of tunnel inflow rate on depth, tectonic overprint, and lithology, and (3) to derive the distribution of fracture transmissivity and effective hydraulic conductivity at the 100-m scale. Brittle tectonic overprint is shown to be the principal parameter regulating inflow rate and dominates over depth and lithology. The highest early time inflow rate is 1,300l/s and has been reported from a shallow hydropower gallery intersecting a 200-m wide cataclastic fault zone. The derived lognormal transmissivity distribution is based on 1,361 tunnel intervals with a length of 100m. Such interval transmissivities range between 10 −9 and 10 /s in the depth interval of 400-1,500m below ground surface. Outside brittle fault zones, a trend of decreasing transmissivity/ hydraulic conductivity with increasing depth is observed for some schistous and gneissic geological units, whereas no trend is identified for the granitic units.
Introduction

Tunnel inflows
Several researchers have focused on tunnel inflow phenomena. Among the different aspects of the phenomena considered are the inflow distribution, the inflow rate transient behavior and the source of inflows. One of the most popular study approaches, whatever the aspect considered, is the comparison of measured inflow data with modeled inflows in order to back calculate hydrogeological parameters. For example, Zhang and Franklin (1993) compiled inflow data from different tunnels in different types of rock and compared them with analytical and numerical models, and Hwang and Lu (2007) modeled inflow transient behavior and found it to be in agreement with the general trend of measured inflow data.
The analysis of tunnel inflow data yields important information about the spatial distribution of groundwater flow at various scales and the hydraulic properties of rock masses. Deriving large-scale hydrogeological properties of crystalline rocks is of relevance for the site selection of waste repositories, for geothermal and hydrocarbon reservoir exploitation, for groundwater resource management, and for tunneling. Standard borehole tests carried out from the ground surface only yield local hydraulic properties. In comparison, the rock mass volume affected by the pressure disturbance caused by a deep underground excavation is larger. This is due to the strong pressure drawdown caused by a deep draining tunnel, the large tunnel diameter, and the long drainage duration. This implies that the analysis of tunnel inflows provides estimates of hydraulic properties relevant for a large-scale investigation. In addition to this large-scale investigation, tunnels are often relatively long "sampling lines". In the case of detailed geological and hydrogeological tunnel observations, not only major inflows from faults and fault zones but also minor inflows from the fractured rock mass can be studied. This implies that tunnel observations can also lead to multi-scale information about flow in fractured rocks (Masset and Loew 2007) .
Back analyses of tunnel inflows rely on the same principles and models like forward predictions of tunnel inflows. Several simple mathematical models have been published that can explain or predict the temporal behavior of groundwater inflows to tunnels in rocks assuming homogeneous hydraulic conductivities and a Darcy type of groundwater flow. Most of these models assume two-dimensional (2D) flow in a plane perpendicular to the tunnel axis and a constant head boundary condition at the tunnel wall, which is often assumed to have a circular geometry. For a deep tunnel (tunnel radius r << depth of tunnel below water table) in a homogeneous rock mass with a linear constant pressure boundary at the surface (for example a lake or a prolific aquifer), the steady state inflow rate Q into a tunnel segment of length L can be described by the well known formula reported by Goodman et al. (1965) :
2pKL h e À h t ð Þ 2:3 log 2 h e À h t ð Þ=r ð Þ ð1Þ
where K [m/s] is the effective hydraulic conductivity (or equivalent porous medium hydraulic conductivity) in the (vertical) plane of flow, h e −h t [m] is the tunnel drawdown (i.e. the difference between the static formation head and the tunnel head), and r [m] is the tunnel radius (see Appendix 1). Lei (1999 Lei ( , 2000 derived an analytical solution for the steady-state head field and groundwater flow around a tunnel close to the surface. Zhang and Franklin (1993) proposed another analytical solution to model an assumed exponential decrease of the hydraulic conductivity with depth. El Tani (1999) gives approximate solutions for steady-state inflow to tunnels with elliptical or square cross-sections.
Flow in fractured rocks
According to many authors such as Zhao (1998) , groundwater flow in crystalline rock masses is controlled by flow in discontinuities such as faults and fractures. The prediction of inflows to tunnels in fractured crystalline rocks is a difficult task, because the permeability distribution of fractured crystalline rocks is strongly heterogeneous and ranges over several orders of magnitude. In addition, only a few highly conductive pathways control the total groundwater flow on different scales in the rock mass surrounding a deep tunnel (Loew 2001; Long et al. 1991) . In the past, several researchers have attempted to model heterogeneous flow in fractured rock masses with discrete fracture network models (Cacas et al. 1990; Davy et al. 2006; Wang et al. 2001 ). This approach assumes that the fracture network geometry is known or can be rebuilt from borehole fracture data or surface-fracture trace maps. In such cases, the transmissivity distribution of the fracture sets that form a conductive network can be obtained by back analysis of distributed tunnel inflow data (Molinero et al. 2002) . Most of the time, the fractures are assumed to have a constant hydraulic aperture and, thus, a constant transmissivity. This is of course a simplification, because field observations suggest that faults or large joints have complex internal geometries. An alternative is to assign each fracture a transmissivity distribution instead of a constant transmissivity value (Mourzenko et al. 1996 (Mourzenko et al. , 1999 . In that case, the transmissivity distribution is derived from the geometric fracture aperture distribution. Unfortunately, no data concerning fracture aperture distribution are available for real cases at site scales. Moreover, faults are, most of the time, filled with crushed material and their width may vary drastically, even at the scale of a tunnel diameter, which renders the transmissivity distribution within a fault difficult to assess.
Study motivation and objectives
Since the construction of the Gotthard railway tunnel in the years 1872-1880, numerous underground excavations have been constructed in the crystalline basement rocks of the Aar and Gotthard massifs of the central Swiss Alps. These underground excavations include several train and road tunnels for N-S and W-E connections through the Swiss Alps, numerous hydropower drifts and galleries, and some military installations. The geological findings of most of these underground constructions are described in unpublished technical reports; only a few observations are published (Keller and Schneider 1982; Keller et al. 1987; Klemenz 1974) . A reference list of the unpublished reports can be found in Table 1 . The unpublished reports include the locations and rates of groundwater inflows, geological cross-sections including lithology, tectonic unit, major fractures and faults, and other geotechnical properties. While most military reports are still confidential, a great number of unpublished reports dealing with traffic and hydropower constructions are available for scientific purposes. The total length of the underground excavations which have accessible documentation is 136 km. A first attempt to quantitatively analyze these observations has been made for the design of the Gotthard base tunnel Löw et al. 1996) . This study presents a complete description of this unique data set and an analysis of the following hydrogeological key properties of fractured crystalline rocks in the Aar and Gotthard massifs:
-Distribution of inflow frequency and rate as a function of depth and lithology -Spacing distribution of different types of tunnel inflows -Impact of brittle faulting and fracturing on tunnel inflows -Regional variability of preferential groundwater pathways and controlling parameters -Estimate of the distribution of fracture transmissivity -Estimate of the distribution of rock mass effective hydraulic conductivity
Location and geological setting of the study area
The study area is located in the central Aar and Gotthard massifs of the Swiss Alps ( Figs. 1 and 2 ). There are distinct tectonic, lithologic and metamorphic differences between the Aar and Gotthard massifs, which are explained in the following. Ground elevation in the central Aar massif ranges from 475 m (Erstfeld) to 3,085 m (Piz Giuv) above mean sea level. The Aar massif is striking NE, is 115 km long, 23 km wide and covers an area of about 2,000 km 2 . It is composed of pre-Variscan polyorogenic and polymetamorphic basement rocks (primarily gneisses, schists and migmatites) intruded by late Variscan magmatic rocks (granites, diorites, syenites and in a smaller proportion volcanites, aplites and lamprophyres) and covered by Permian and Mesozoic sediments (Abrecht 1994; Labhart 1977) .
During the Tertiary alpine collision, the Aar massif was strongly compressed and thrusted in the NW direction. In the north, the sedimentary cover was folded and thrusted onto the basement rocks, and finally the southern margin was turned in a nearly upright position (Schmid et al. 1996; Steck 1968a; Steck and Hunziker 1994) . The Tertiary collision lead to an Alpine foliation and heterogeneous ductile deformations at all scales. The greenschist facies Alpine metamorphic overprint increases from NW to SE (Choukroune and Gapais 1983; Frey et al. 1980; Labhart 1977; Laws 2001; Meyer et al. 1989; Steck 1984) . Presumably since the Miocene, ductile deformations have been superimposed by weak brittle deformations and a large-scale uplift in the order of 0.5-1.0 mm/year takes place (Kohl et al. 2000) . This resulted in the formation of small shear fractures and joint systems (Laws et al. 2000) . According to Laws (2001) and Frei and Löw (2001) , steeply dipping ENE-WSW striking shear zones of the study area are primarily ductile but more fracture-bearing than the host rock. This is supported by recent observations in the Gotthard base tunnel (Frei and Breitenmoser 2006) . The Gotthard massif, which is also striking NE, is 80 km long and 12 km wide and covers an area of 580 km 2 (Fig. 2) . Ground elevation ranges from 1,147 m (Andermatt) to 2,963 m (Pizzo Lucendro). The Gotthard massif is composed of a pre-Variscan polyorogenic and polymetamorphic basement (mainly gneisses, schists, migmatites and amphibolites) intruded during two phases by Variscan granitoids (Labhart 1999) . The Gotthard massif is bordered in the north by a stratigraphic contact with Permo-carboniferous and Mesozoic sediments of the Urseren-Gravera-zone (Wyss 1986) . This northern contact is locally strongly tectonized. In the south, the Gotthard massif is in contact with steeply dipping para-autochtonous metasediments (schists, carbonate, gypsum/anhydrite) of the Piora and Nufenen zones (Herwegh and Pfiffner 1999) .
During the Tertiary alpine collision, the Gotthard massif was affected by greenschist facies metamorphism with an increasing N-S grade. At its southern boundary, amphibolite facies conditions were reached (Frey et al. 1980; Labhart 1999) . The formation of a penetrative Alpine foliation and of steeply dipping ductile shear zones that mainly strike NE-SW occurred in a compressive NW-SE directed stress field (Marquer 1990; Steck 1968b; Zangerl et al. 2006; Zangerl 2003) . Towards the end of the Tertiary collision, the deformation mode gradually evolved from ductile to brittle. Analyses of the interrelationship between brittle fault zones and meso-scale fractures indicate that during an early stage of brittle faulting, the stress regime changed from compression to strike-slip (Zangerl 2003; Zangerl et al. 2006) . The stress conditions prevailing during the formation of these brittle faults are not well constrained, but suggest a horizontal maximum principle effective stress direction striking about NE-SW and a minimum compressive principal stress direction in NW-SE direction. According to Lützenkirchen (2002) , brittle faulting in the Gotthard massif occurred preferentially along pre-existing ductile shear zones under temperatures in the range of 250-200°C. Compared to the Central Aar massif, the Central Gotthard massif clearly shows more abundant and intensive brittle deformations along pre-existing joints and ductile faults (Zangerl et al. 2006) . Lützenkirchen (2002) demonstrated that in the Bedretto leg of the Furka base tunnel (Switzerland,) most of the deep inflows are related to the damage zones around fault zones, and that the flow contributed by individual joints not related to fault zones is negligible. He also observed that brittle faulting in the Gotthard massif often overprinted ductile shear zones and that the fault zones with higher flow rates always showed slickenside striations on shear fractures. Lützenkirchen (2002) divided fault zones and shear zones into six different types:
1. Ductile shear zones showing mylonitic and/or densely spaced foliation planes 2. Ductile shear zones overprinting lamprophyre and aplitic dikes 3. Brittle-ductile shear zones intensely fractured within ductile shear zones This showed that 90% of the estimated total flow rate to the deeper tunnel section was related to types 4 and 5. This observation is also compatible with the majority of inflows in the entire Gotthard massif study area.
Data set description
Data sources
The main part of the data used for the present study comes from the geological survey of 23 tunnels and galleries located in the Aar and the Gotthard massifs. References for the data sources of the individual tunnels are given in Tables 2-7 . In addition to these project reports, this study also includes important data and findings from four PhD dissertations completed at the Swiss Federal Institute of Technology (ETH Zurich) in the same study area (Laws 2001; Lützenkirchen 2002; Ofterdinger 2001; Zangerl 2003) . These research investigations give more detailed insight into the type and properties of water-conducting structures in the Aar and Gotthard massifs.
Data base parameters, and data processing and reliability Tables 2−7 and Fig. 3 give the basic information for each tunnel or gallery which has been considered in the present study. The oldest document used is a report from Stapff 1882, unpublished report (see Table 1 ) on the construction of the Gotthard SBB (Schweizerische Bundesbahnen, Swiss Federal Railways) railway tunnel and the most recent is a report from Schneider 1985, unpublished report (see Table 1 ) on the Furka base tunnel. Data from more recent tunnel constructions in the area, e.g. the Gotthard base tunnel, or the Grimsel hydropower system expansions (Aar massif), will be discussed in detail in subsequent papers. The quality and type of documentation from more than 100 years of underground construction is highly heterogeneous. For this reason, and in order to compare continuous parameters (e.g. depth) with discontinuous parameters (e.g. inflow rate), data had to be homogenized before being analyzed. This was mainly done by integrating each parameter over 100-m-long tunnel sections. The integration process has mainly two consequences. It first smoothes the parameters' variability along the different tunnels, and second, decreases the variance of the different parameter distribution. Figure 3 shows the main hydrogeological parameters of each tunnel and gallery which have been compiled in a data base in a standardized format. All plots show the geological units (abbreviations according to Table 8 ) and the location of their boundaries, the number of dripping zones (divided into light or heavy dripping zone class) per 100-m interval, continuous tunnel inflow rates per 100-m interval, the depth and the angle between the main rock fabric (i.e. alpine foliation) and the tunnel axis. The continuous rate term is used as opposed to the dripping rate term. It refers to inflows that present a continuous water jet, whereas dripping rates are related to smaller inflows that have been reported as dripping zones from the tunnels. The key properties for further inflow analysis (Tables 2-7 and Fig. 3 ) are explained in the following.
Date of the tunnel excavation and hydrogeological survey The survey date reported in Tables 2-7 is the date of the inflow rate measurements. The delay is the estimated time difference between the excavation date and the inflow measurement date at a given location along the tunnel. This delay is important information for the quantitative inflow rate analysis, but the delays are often not known or only roughly estimated (Tables 2-7). In most cases the delay is several weeks to months, i.e. most of the rates reported in the data base and in Fig. 3 are close to steady state rates. Exceptions to this rule are discussed later (see section Exceptionally high tunnel inflow rates) and include, for example, the high inflows (110 and 150 l/s) to the Security gallery of the Gotthard A2 tunnel at Tm 9935 and 9910, where inflow rates, as measured by Lützenkirchen (2002) , are on the order of 8 l/s. Tm stands for tunnel meters from a given reference point. In the case of the Gotthard A2 tunnel, the reference point is the northern portal (Fig. 3d) . abbreviations defined in Table 8 and Fig. 2 . The geological units relate to different rock types and tectonic units. The geological map has been modified from Labhart (1999) . For each tunnel and gallery, the depth has been computed by subtracting the elevation of the gallery from the elevation of the ground surface based on a digital elevation model. The maximum depth ranges between 224 m (Gas Transit pipeline-Urweid drift) and 1,680 m (Gotthard SBB railway tunnel). The depth of every tunnel and gallery is also seen in Fig. 3 .
Tunnel inflows
The tunnels discussed have hardly ever been grouted (pressures and flow velocities are too high at the tunnel depths considered) and the tunnel inflow rates, therefore, represent induced flows of natural features. Geological and hydrogeological data are heterogeneous because they come from different projects and have been collected by different persons at different times. This is especially true for inflow data which have been reported in basically two different ways. The largest amount of tunnel and gallery inflow has been reported by classes of inflow rate only. A smaller part has been reported by measured or estimated inflow rates. For quantitative analysis, continuous inflows reported by classes of rate have been assigned a mean rate. Tables 2-7 give information about how inflows have been reported for each tunnel and gallery. When reported by classes, the assigned mean rate value assumed for each class is also mentioned. For example, the Gotthard A2 highway tunnel continuous inflows have been reported by three classes: inflows smaller than 0.1 l/s, inflows between 0.1 and 1 l/s and inflows bigger than 1 l/s. Then, inflows from each class have been assigned a mean rate of 0.03, 0.3 and 3 l/s respectively. If possible, when only one class of inflow was reported, the assigned mean rate value has been computed by dividing the cumulate flow at the portal by the number of continuous inflows contributing to the flow. Finally, when no cumulate flow was available, inflows have been assigned mean rate values based on the geometric mean of the class boundaries, assuming that rate values within a given class are lognormally distributed or, more generally, that inflow rates are lognormally distributed. a Unpublished reports (see Table 1 ) Schneider (1981) When localized inflows become too small for hand measurements of inflow rates with a bucket and watch, i.e. when individual continuous water-jets break down, dripping zones are recorded by the on-site geologists. These dripping zones are sometimes mapped in two classes (heavy and light). Dripping inflows have also been assigned rates according to their class (0.01 and 0.001 l/s).
A rate error has been assumed for each rate value that was used for later transmissivity estimation (Tables 2-7) . The assumed error is proportional to the rate and quality of the value that has been reported. The quality of the value is based on the measurement method used and the type of data reported. When the rate has been quantitatively reported, the rate error is assumed to be equal to half of the rate value. When inflows have been reported by classes, the rate error is estimated to be equal to two or three times the rate value.
Exceptionally high tunnel inflow rates
In the tunnels and galleries discussed here, a few exceptionally high singular tunnel inflow rates have been observed. These high inflows have important scientific and practical implications (they control the total inflow rate, the design of drainage measures, and safety considerations); so therefore their geologic and topographic conditions are presented here in detail. Most of these high values are not shown in Fig. 3 because they represent initial (early time) inflows which strongly decreased with time. Using them for quantitative analysis would require exact knowledge of the inflow time.
In the Bedretto leg of the Furka base tunnel, up to 57 l/s of water were initially flowing into the tunnel during excavation from Tm 2815 to Tm 2850 in the Rotondo granite (GHG). Based on the descriptions of this tunnel in Keller and Schneider (1982) and Lützenkirchen (2002) , this large inflow is related to a brittle fault zone. In the Bedretto gallery, exceptionally high initial inflow rates were also recorded close to the southern portal (up to 130 l/s initially between Tm 180 and Tm 360), where toppling of steeply dipping foliation planes resulted in a strongly increased rock mass hydraulic conductivity (Keller and Schneider 1982) . In July 1875, in the Gotthard SBB railway tunnel, after excavation of the first 2,100 m from the southern portal in the Tremola series (GSG), a cumulate inflow rate of 130-350 l/s, taking place in the strongly fractured meta-sediments of the Tremola series, was measured at the portal over a long period of time (October 1873-July 1879). The depth is limited (0-750 m) and toppling occurs again at ground surface and also at tunnel elevation close to the portal. In the Gotthard A2 security gallery, two initial inflows of 150 l/s (Tm 9935) and 110 l/s (Tm 9910) were encountered at greater depth, occurring in cross-cutting fault zones of the Gamsboden granite (GHG) and were intensively studied by Zangerl et al. (2006) and Lützenkirchen (2002) . Today the inflow rate from this tunnel section is about 8 l/s. In the Goeschenen Voralpreuss supply gallery, at Tm 1340 in the Aar granite, an inflow with an initial maximum rate of 140 l/s was reported in a place where the depth is below 500 m. The high (initial?) inflow value of the Furkareuss supply gallery (60 l/s) must be related to the relative close proximity to ground surface, large scale tectonic faulting (Eckart et al. 1983; Steck 1968b) , and unloading features observed along the Urseren valley. In the KW Oberhasli Gadmenwasser supply gallery, an early time inflow of 300 l/s was observed in a brittle fault zone of 1-m width in gneisses of the Aar massif (ANG). The inflow location has a depth of about 800 m. In KW Ritom Unteralpreuss supply gallery, 140 l/s was initially flushed out of a clayey joint when it was intersected by the excavation at Tm 2306. This inflow is found in heterogeneous gneisses of the southern Gotthard massif at a shallow depth. The sugar-grained dolomites found in the southern sediment cover of the Garegna supply gallery show high inflows ranging between 120 and 150 l/s over a total section length of about 1,000 m. Close to the northern portal of the KW Vorderrhein Val Val-Curnera reservoir supply gallery, a maximum (initial?) inflow rate of 1,300 l/s occurred within a 200-m wide cataclastic fault zone in the gneisses of the Tavetsch massif close to the northern border to the Aar massif (possibly the same regional tectonic structure responsible for the large inflows to the Furkareuss supply gallery). In the KW Vorderrhein Sedrun-Medels gallery, 1,000 l/s rushed in from a 200-m-long tectonized section in the transition area from Triassic sediments to Permo-Carboniferous gneisses of the Urseren-Gravera zone ). Due to the shallow depth, the evaporitic sediments (anhydrite/gypsum) occurring within this succession are presumably affected by karstic dissolution phenomena. Finally, in the Gas Transit pipeline Obergesteln gallery, strong initial inflows were recorded in the northern 1,000 m, with the highest individual inflow of 110 l/s (Tm 550) encountered at 300 m depth (Klemenz 1974) . Again, this entire section shows relatively deep (>300 m) toppling of Variscan gneisses (GHG), and the initial inflow rates quickly decreased to much lower values (10-50 l/s over the entire section after 1 year).
Statistical distribution of tunnel inflow rates
Inflow rate distribution as a function of geological unit
In the statistical analysis of the distribution of inflow rate, only tunnel inflow rate data with a sufficient quality have been taken into account. Data from the following tunnels or galleries have been excluded: KW Amsteg supply gallery, Goeschenen pressure gallery, KW Lucendro pressure gallery, KW Ritom Garegna supply gallery, KW Vorderrhein Sedrun-Medels gallery, KW Wassen supply gallery and Gas Transit Gstelli gallery.
As discussed earlier, rate data have been divided into three different sets, based on continuous inflows, dripping zones, and "dry" tunnel sections. The rates of continuous inflows, summed over 100-m-long tunnel intervals, include all mapped continuous inflows shown in Fig. 3 , but exclude extreme values and continuous inflows smaller than 0.01 l/s. Inflows with a rate lower or equal to 0.01 l/s have not been systematically reported and for that reason have been excluded.
The second set is derived by assigning a value to each dripping zone according to its strength and by summing these values again over 100 m-long tunnel intervals. The values assigned are 0.001 and 0.01 l/s for low and heavy dripping zones respectively. Assigning rate values to dripping zones is problematic for the given data set. An attempt to relate the dripping zones to inflow rates in Bedretto gallery can be found in Lützenkirchen (2002), but as the definition of dripping zones varies between individual tunnel geologists, the generalization of his assessment remains questionable. Lützenkirchen estimated flow rates for dripping zones lower than the values assigned in this study. Modifying the assigned rate values results in a shifting and/or rescaling of the dripping-rate distribution. However, it does not significantly modify the total cumulative inflow rate from dripping and continuous inflows.
The last set of inflow rates used in this study is the mean inflow rate from "dry" tunnel sections (i.e. without dripping inflows), which is non-visible water inflow transported as water vapor through the tunnel ventilation. For the assessment of these rates, new air water vapor measurements from a 1,000-m-deep section of the Gotthard base tunnel near Sedrun (Fig. 2) could be used. In this section, located north and south of the Sedrun shaft, individual vapor flow measurements from the west tube (W) and the east tube (E) were used. Both tube sections in the north (tubes NW, NE) are around 1,300 m long and located in the Tavetsch massif. The other two sections located south of Sedrun's shaft (tubes SW, SE) are around 2,300 and 2,500 m long respectively and belong to different geological units (see Fig. 2 ). While long sections of the north tubes are indeed "dry", the tubes in the south direction contain several dripping sections and a few continuous inflows. Details of the procedure used to compute the water vapor output are described later (see Appendix 2). The water vapor flow rate of each of the four tubes (NW, NE, SW, SE) has been divided by its length to obtain the flow rate per tunnel meter or hectometer. As shown in Table 9 , the hectometric inflow rates are comparable to the smallest inflow rates reported for a single continuous inflow (0.01 l/s). The equivalent transmissivity and hydraulic conductivity values have also been computed by assuming a tunnel radius of 5 m and a differential head of 1,000 m. The different water vapor output parameters and resulting rate values are summarized in Table 9 . These water-vapor rate values are mean values because the water-vapor flow has been integrated over more than 1,000 m of tunnel. Most probably this flow is not constant along the tunnel and a function of the local rock-mass hydraulic conductivity. Since the walls of NW and NE tubes are rather dry, the transmissivity (T) and hydraulic conductivity (K) values derived from these sections can be considered as mean T-and K-values for the matrix, here defined as the rock embedding these tunnel "dry" sections without dripping zones and continuous inflows. The histogram of Fig. 4 shows the distribution of the continuous inflow rates (black bars) and the dripping inflow rates (grey bars) for all the geological units combined. The binning is logarithmic and the bin size is chosen to be equal to the size of the rate classes (one log cycle in this case) in order to avoid a discontinuous or incomplete representation of the rate distribution. Both rate distributions look lognormal and overlap each other. Due to sampling limits, the surveyed rate distribution is truncated toward the low rate values. Although the dripping-inflow-rate distribution is more uncertain than the continuous-inflow-rate distribution, combining them has the advantage to extend the sampled rate distribution towards the low rate values. The surveyed rate distribution per 100 m tunnel section for all geological units extends over seven orders of magnitudes from 10 −4 to 10 4 l/s. Figure 5 shows the undifferentiated-inflow-rate distribution when dripping and continuous flow rates are summed over each individual 100-m interval. The resulting distribution is again close to a lognormal distribution.
Similar histograms have been created for each geological unit and are shown in Fig. 6 . The histograms rarely follow a lognormal distribution and are sometimes scattered and asymmetric: the right (higher rate) tail of the distribution is often longer than the left tail. There is no evident correlation between distributions of similar lithologies. For example, the highest maximum rate is 9.66×10 found for the Gotthard massif granites (GHG), whereas the lowest maximum rate is observed for the Aar massif granites (AAG).
Inflow rate distribution as a function of depth
For the analysis of the dependence of inflow rate as a function of depth, the same tunnels in the previous section (see section Inflow rate distribution as a function of geological unit) have been excluded from the data set. Only the first set of data (continuous inflows) have been used, and 100-m intervals with inflow rates lower or equal to 0.01 l/s have been assigned the rate value 0.01 l/s to account for the dripping and the moisture evaporation. This simplification can lead to overestimation of inflow rates and a bias in the rate distribution.
For all geological units combined, and for each geological unit, five different plots (Figs. 7 and 8 ) have been generated to study the inter-dependency between inflows and depth. As data are discrete and non-homogeneously distributed with depth, a sampling window (moving average) of 200 m depth has been used in all the plots for five different rate classes (0.01, 0.01-0.1, 0.1-1, 1-10 and >10 l/s). The first type of plot shows the total number of 100-m intervals (NI) of the different rate classes versus depth in order to visualize the variability of sampling frequency with depth. The more data are available, the more the results in the next four plots are significant. The second plot type shows the total number of 100-m intervals of the different rate classes divided by the total number of all 100-m intervals as a function of depth; the result is the proportion of the different classes (PC) among the sampled intervals. The third plot type shows the total inflow rate (TIR) of the different rate classes versus depth. For the fourth plot type, the total inflow rate of the different classes is divided by the total inflow rate and plotted versus depth; this gives the contribution to the total flow (CC) of each class versus Histogram showing dripping inflow rates (grey) and continuous inflow rates (black) for each geologic unit depth. Finally, the last plot type represents the total inflow rate of the different rate classes divided by the number of 100-m intervals of each class versus depth; the result is the total mean inflow rate (MIR) per 100-m interval of the different classes versus depth. From the analysis of the plots for all geological units combined (Fig. 7) , one can conclude that:
-PC: The relative proportion of the different inflow classes is nearly constant with depth -NI: Apart from the artificial 0.01 l/s class, which includes 50-70% of the intervals, the most frequent is the 1-10 l/s class and the highest rate class (>10 l/s) is the less represented -CC: More than 90% of the total flow rate is fed by intervals whose rate is bigger or equal to 1 l/s -MIR: The mean inflow rate per 100 m interval amounts to about 2 l/s and is relatively uniform over long depth sections -MIR: A section of extraordinary high mean-inflow rates appears between 1,050 and 1,250 m depth Concerning the plots of the individual geological units (Fig. 8) , one can conclude that:
-NI: The depth intervals with a significant amount of observations strongly varies with geological unit -PC and MIR: The upper most 200-400 m of the AAG, ANG and GHG geological units show a low relative proportion of the highest rate classes and low mean inflow rates -PC and MIR: In contrast, the upper most 200-400 m of the AIK, GAK and GSG geological units show a high relative proportion of the highest rate classes and high mean inflow rates -PC and MIR: Below the uppermost interval, a general decrease of the highest rate classes proportion and of the mean rates is observed in the ASG, GAK and GSG geological units -MIR: The AAG unit shows a steady increase of the mean inflow rate down to 800 m depth -MIR: No clear depth trend is observed in the mean rate of GHG and ANG units
Inflow spacing distribution along tunnels
The spacing distribution of continuous inflows has been analyzed along four tunnels and galleries where precise inflow localization was available (Masset and Loew 2007) . This analysis shows that the spacing distribution of continuous inflows along the Realp leg of Furka base tunnel, the Gotthard SBB railway tunnel, the Gotthard A2 security gallery and the Goeschenen pressure drift are well fitted by power laws over~1.5-2 orders of magnitude (Fig. 9) . This illustrates the clustered distribution of continuous inflows along tunnels. In other terms, these appear in series separated by intervals where only dripping occurs and this pattern repeats at different scales. Figures 10 and 11 show the spacing distribution of continuous inflows, heavy dripping inflows and light dripping inflows along Gotthard SBB railway tunnel and Goeschenen pressure drift. On both plots, it can be seen that, in contrast to continuous inflows, dripping zones are more evenly spaced and particularly light dripping inflows are well fitted by exponential functions. Thus, it appears that the spacing distribution of inflows along tunnels is a function of the inflow rate or type.
Major parameters controlling tunnel inflows
Tectonic overprint
In the central Aar and Gotthard massifs, the tectonic overprint has induced important multi-scale ductile and brittle deformations. Brittle tectonic overprint includes all types of fractures formed during and after the Alpine orogeny. In Figs. 7 and 8, the peaks in mean inflow rate always results from the presence of one or a few high-rate inflows at the intersection between the tunnel and zones of brittle deformation. For example, the deviation from the mean inflow rate shown in Fig. 7 in the depth interval of 1,050 to 1,250 m is related to the local occurrence of strong inflows from brittle faults in the ANG (KW Oberhasli Gadmenwasser supply gallery) and GHG geological units (Gotthard A2 security gallery). These deviations are superimposed on possible depth or lithology dependant trends in inflow rate. The strong brittle overprint of GHG (granites of the Gotthard massif) controls the inflow rate distribution and completely obscures the correlation between inflow rate and depth.
In contrast, the AAG geological unit (granites of the Aar massif) shows no significant peaks of the inflow rate and the lower brittle overprint of AAG compared to GHG allows the observation of a depth-dependant inflow rate. A general lower brittle tectonic overprint not only characterizes the AAG geological unit, but also the entire central Aar massif, with the exception of its southern margin 1-1, >10 l/s) with depth, moving average of the proportion of the different rate classes (PC) with depth, moving average of the total inflow rate (TIR) with depth, moving average of the class contribution (CC) to the total rate with depth and moving average of the mean inflow rate per 100-m interval (MIR) with depth (see Table 8 for explanation of abbreviations) (ASG). Consequently, mean 100-m interval inflow rate values are lower for the Aar massif (2.6 l/s) than for the Gotthard massif (3.85 l/s).
Topography and unstable slopes
The systematic trend of increasing inflow frequencies and rates in the upper 100 to 400 m of Figs. 7 and 8 reflects partly unsaturated conditions in mountain slopes. In the study area, the upper 100-400 m below ground surface often show highly permeable rock masses composed of a dense partially interconnected pattern of open fractures (southern portal of SBB Gotthard, northern portal of gas transit Obergesteln, southern portal of Bedretto gallery). These open-fracture sets are composed of tectonic and near-surface unloading fractures (Bucher 2006; Zangerl et al. 2006) . Fractures are opened by stress release and slope deformation phenomena, especially flexural and block toppling (Keller and Schneider 1982; Klemenz 1974 ). This induces a significant increase in fracture transmissivity. Depending on the local topographic and geologic situation, the upper most 100-400 m of rock can show saturated or unsaturated conditions before tunnel excavation, i.e. the absence of tunnel inflows in these sections do not imply low permeability rock masses. In fact, the initial tunnel inflow rates from such sections are often relatively high and decrease during the first days and weeks dramatically due to lowering of the water table down to the elevation of the tunnel (Klemenz 1974; Loew et al. 2007 ). Late time inflows are small and strongly controlled by local and temporally varying groundwater recharge. As discussed earlier, most of the high initial inflows have not been included in the data base shown in Fig. 3 .
Depth and lithology
The dependency between inflow rate and depth is most visible in the particular case of the AAG unit (granites of the Aar massif) because the tunnel sections crossing this unit did not encounter strong inflows that can be related to surface unloading or brittle faults (Fig. 8) . This unit shows increasing inflow rates with depth (MIR in Fig. 8 ). However, this does not mean that granites are in general less affected by brittle tectonic or less permeable than gneisses since the GHG unit (granites of the Gotthard massif) shows strong inflow rate variations with depth due to brittle faulting.
Moreover, when comparing the Gotthard railway (SBB) tunnel (Fig. 3c) with Gotthard A2 security gallery (Fig. 3d) , which run nearly parallel to each other at a lateral distance of up to 3 km, one can see that the high inflow rates found in the granitic section (GHG) of the A2 security tunnel have no equivalent in the gneissic section (GAK) of Gotthard railway tunnel. As inflows in both tunnels are controlled by brittle faults cross-cutting the tunnels at a high angle, it is suggested that brittle faulting in granites leads to more conductive structures than brittle faulting in gneisses.
Fracture transmissivities
Data processing and transmissivity models
To compute transmissivity values from tunnel inflows, only data with sufficient quality have been used. Data from the following tunnels and galleries are not included in the transmissivity analysis: KW Amsteg supply gallery, Goeschenen pressure gallery, KW Lucendro pressure gallery, KW Ritom Garegna supply gallery, KW Vorderrhein Sedrun-Medels gallery, KW Wassen supply gallery and Gas Transit Gstelli gallery. Continuous inflow intervals with rates smaller or equal to 0.01 l/s have been excluded because small rates have not systematically been reported. As described earlier (see section Data set description), dripping zones have been assigned rates of 0.01 l/s or 0.001 l/s depending on their strength. Transmissivity values have been computed for each 100-m interval using three different analytical models depending on the hydrogeologic setting of the considered 100-m interval (Loew 2002 ). All models are 2D and assume that:
-The inflow is derived from an infinite planar layer oriented normal to the tunnel/gallery axes (vertical layer, fracture zone, fault or fault zone) -The layer transmissivity is homogeneous and no leakage takes place between the layer and the surrounding rock -The tunnel is radial and at a constant head controlled by atmospheric pressure -The flow is governed by Darcy's law -The inflow time of the rate reported in the data base corresponds to the delay time -The rock mass specific storage is equal to 10 −6 m −1
(only required for transient models)
The first model represents infinite acting radial flow (Fig. 12a) and can be approximated with the Jacob and Lohman (1952) solution for non-steady flow to a well of constant drawdown, assuming that the hydraulic head drawdown is equal to the elevation difference between the tunnel and the water table (often approximated by ground surface). The radial flow model is the basic model applied to most of the productive 100-m tunnel intervals.
The second model is similar to the first one except that it is limited by a linear constant head upper boundary (Fig. 12b) under steady-state conditions. This model is applied instead of the first model when a recharging lake, a river or a Quaternary aquifer at the surface is suspected to maintain the water table at a constant level. For example, this model is used to compute transmissivity of a section of the Gotthard railway and A2 highway tunnels below the gravel aquifer of the Urseren valley. This model it is also used to compute the transmissivity from dripping rate values.
The third model derived from Doe (1991) is a solution for linear flow under a constant drawdown. It applies when the drying out of surface springs in direct response to the tunnel or gallery excavation demonstrates the drawdown of the water table down to the tunnel elevation and when linear horizontal flow normal to the tunnel axes is a reasonable approximation (Fig. 12c) (Klemenz 1974 ). The specific yield (S y ) is set to 0.01. This value has been derived by dividing the total amount of water drained into a section of the Obergesteln gallery by the volume of rock drained. The volume of water was measured and the volume of rock estimated from the position of dried out and unmodified surface springs (Loew and Masset 2008, unpublished report, see Table 1 ). This value has also been derived by other authors in similar surrounding (e.g. Maréchal et al. 2004 Maréchal et al. , 2006 . As an example, the third model is used to compute transmissivity for the northern shallow section of the Gas Transit Obergesteln Drift affected by toppling, resulting in open vertical fractures oriented perpendicularly to the tunnel axes.
Results
Transmissivity distribution
The transmissivity distribution for all geological units combined is plotted on the semi-logarithmic histogram in Fig. 13 . The binning size is equal to one logarithmic cycle. Transmissivity values computed from both continuous flow rates (black bar) and dripping flow rates (grey bar) are represented. Transmissivity values range over 9 orders of magnitude from 10 −10 to 10 −1 m 2 /s. Figure 14 shows the distribution of transmissivity when continuous and dripping inflows are summed for every 100-m interval. The resulting transmissivity distribution could be bimodal or lognormal. The true transmissivity distribution of continuous inflows is probably close to lognormal as suggested by Fig. 15 . In this figure, the transmissivity distribution derived from high-quality continuous inflow measurements of the Gotthard A2 security gallery (black line) is plotted on a double logarithmic graph of transmissivity versus cumulative number. The grey line represents a lognormal synthetic sample with the same mean, variance and data number. Figure 16 shows histograms of the transmissivity distribution of each geological unit. The binning is again logarithmic and each bin corresponds to one log cycle. Transmissivity values derived from both dripping inflows (grey bars) and continuous inflows (black bars) are represented. Transmissivity distribution along selected tunnels Finally, Fig. 18 shows plots of the transmissivity distribution along selected tunnels. These tunnels have been chosen for the higher quality of their inflow data. Bars represent the total transmissivity value per 100-m interval accounting for the continuous inflows, the dripping inflows and the water vapor flow. The water vapor flow has been taken into account by assigning each 100-m interval a transmissivity value of 10 −8 m 2 /s. Again, the greatest uncertainty in the computed transmissivities is related to the tunnel sections with shallow depth. For example, the Gotthard SBB railway tunnel in Fig. 18 indicates a highly transmissive section close to the southern portal of the Gotthard SBB tunnel. In other sections with similar geological and hydrogeological conditions (Gas Transit Obergesteln gal- /s] per 100-m interval Fig. 18 Transmissivity distribution along tunnel with dark blue bars, representing transmissivity values derived from continuous inflow rates stacked onto medium blue bars, representing transmissivity values derived from dripping inflow rates, finally stacked onto light blue bars, representing the minimum transmissivity derived from water vapor output measurements in the Gotthard base tunnel, for selected tunnels: a, b, h, j, c, d and e (see Fig. 2 caption) lery; Furka base tunnel Bedretto gallery), such high inflows have not been included in the main data base because they only represent early time inflows.
Rock mass effective hydraulic conductivity
Data processing and conductivity models Different models have been used to estimate rock mass effective hydraulic conductivity from the individual inflow transmissivities (Löw et al. 1996) . The equations of the three different effective hydraulic conductivity models are summarized in Fig. 19 . These models are all derived from a general effective hydraulic conductivity model for fractured rocks as described for example in Voborny et al. (1994) :
with -K eff,i : diagonal ii-components of the effective K-Tensor -G i : geometric factor describing conductive fracture orientation and extension -T: mean T-value of conductive fractures (arithmetic or geometric, see text) -F: frequency of conductive fracture If a single family of equidistant parallel features of infinite extent has a lognormal distribution of its transmissivity values, then the effective hydraulic conductivity in the direction of the features is proportional to the arithmetic mean of the distribution (Voborny et al. 1993, unpublished report, see Table 1 ). This relation is used to compute the effective vertical hydraulic conductivity. In contrast, if the extent of the features is limited, the orientation of the features is isotropic, their spatial distribution is homogeneous and their transmissivities are lognormally distributed, then the effective hydraulic conductivity is proportional to the geometric mean of the distribution (Gelhar 1987) .
All three models used are strong simplifications and assume that matrix conductivity is negligible (no leakage) and conductive fractures have homogeneous transmissivity (no channeling). The first two models refer to the bulk rock mass hydraulic conductivity from sets of fractures feeding continuous inflows. The third model represents hydraulic conductivity from sets of fractures feeding dripping inflows. The main difference between models 2 and 3 and model 1 is the assumed distribution of fracture orientations (isotropic versus vertical): models 2 and 3 can be viewed as representing intermediate and small-scale fractures (joints) which show a nearly isotropic distribution of spatial orientation, and model 1 as representing the larger-scale faults, striking at a large angle to the tunnel axes and dipping steeply towards the south or north. Whereas models 2 and 3 give isotropic hydraulic conductivity, model 1 only considers vertical hydraulic conductivity. Because all available data refer to 100-minterval transmissivity and not individual fracture transmissivity, frequencies and transmissivity means are referred to 100-m tunnel intervals with continuous inflows (models 1 and 2) or dripping inflows (model 3). Figure 20 shows plots of the distribution of the effective hydraulic conductivity as a function of depth for the three effective hydraulic conductivity models. From the analysis of the plots for all geological units combined one can conclude that:
Results
-The uppermost 200-400 m below ground surface show strongly increased hydraulic conductivities. -Below this section, the fracture-related isotropic effective hydraulic conductivity, as well as the matrix isotropic effective hydraulic conductivity, remains constant with increasing depth. -Below 200-400 m, the fault zone-related vertical effective hydraulic conductivity weekly decreases with increasing depth.
Concerning the individual geologic unit plots:
-Below the near surface unloading section, a decrease of the effective hydraulic conductivity is observed in gneissic and schistose rocks of ASG, GSG and GAK. -Both granitic units (AAG and GHG) show no clear trend of the effective hydraulic conductivity with increasing depth. The large scatter in the GHG profile results from localized occurrence of highly conductive brittle faults. Such faults have not been encountered in tunnel sections crossing the AAG unit. 
Discussion
In this section, the inflow spatial variability, some of the critical model assumptions for transmissivity and hydraulic conductivity estimations, and the resulting transmissivity and effective hydraulic conductivity distributions are interpreted and discussed. Finally the results are compared with those from other studies.
Tunnel inflow distribution and variability
The main parameter governing tunnel inflow rate is the degree of brittle tectonic overprint; the inflow rate variability due to the presence or absence of brittle tectonic features is higher than the variability due to changes in lithology or depth (see section Depth and lithology). The mean inflow rate is highly dependent on the extreme rate values which are mostly linked to important fault or fracture zones (see section Exceptionally high tunnel inflow rates ). Unfortunately information concerning the type of fracture related to each inflow is not available for most of the tunnels and galleries considered. The spacing distribution of inflows (see section Inflow spacing distribution along tunnels) shows that continuous inflows, in contrast to dripping zones, are not evenly spaced and therefore difficult to predict. This unpredictability increases with the rate because high rate inflows (>10 l/s) are rare.
Even if strong inflows can be related to important fault zones, locating these features does not ensure a good inflow prediction due to variations of fault architecture and channeling (only a small portion of faults are highly conductive and directly intersected by a tunnel).
Regional investigations show, that the Gotthard massif suffered much stronger brittle tectonic deformations than the Aar massif and that brittle faults of substantial width occur frequently in the Gotthard massif but not in the Aar massif (Laws 2001; Lützenkirchen 2002; Zangerl et al. 2006) . With the exception of an extreme inflow from a brittle fault in the Goeschenen Voralpreuss supply gallery, granites in the Aar massif (AAG) show low inflow rates and sparse inflows with only minor influences of brittle faulting visible by the small scatter of the depth dependant inflows (Fig. 8) . This is the only case where a systematic increase of tunnel inflow with depth can be observed in the first 1,000 m. The derived interval transmissivities and hydraulic conductivities are constant (Figs. 17 and 20) and indicate that in these granites inflow rates are mainly controlled by the tunnel-induced hydraulic head gradients increasing with depth.
Uncertainties in transmissivity and hydraulic conductivity estimations
The most critical assumptions of the models used to estimate fracture transmissivity (transmissivity of 100-m intervals with flowing fractures) are:
-The fracture extension is big enough to be considered as infinite or well interconnected and no leakage takes place between the fracture and the embedding matrix. However, in the long term, fluid exchange between fracture and matrix might be considerable. As most of the inflows considered here are relatively late (a few weeks), the error related to this assumption might be significant. As flow at late times should be controlled by matrix leakage, the real transmissivity values might be slightly underestimated. -Flow in fractures is governed by Darcy's law. Because of the extremely high head gradients around open deep tunnels, non-linear turbulent flow is suspected to impact strong inflows. This process will lead to an underestimation of the true fracture transmissivity. -Fracture apertures do not change in response to tunnel drainage. Rutqvist and Stephansson (2003) state that if stress and stiffness are high, additional closure resulting from the fluid pressure release will be insignificant at a large scale. However, significant differences between inflows to predrillings and (upscaled) inflows to tunnels at the same locations have been observed in many projects, suggesting an influence of the pore pressure and effective stress on fracture apertures around tunnels. For a depth of 500 m in granite, Ivars (2006) has carried out a detailed modeling study on the influence of hydro-mechanical coupling in fractured rock masses. He concludes that even a small change in aperture at the large depth considered has a significant effect on flow. The effect is dependant on the fractures' orientation, normal and shear stiffnesses, and friction and dilation angles. Normal stiffnesses on joints in granitic rocks have recently been compiled from laboratory tests, reported by Zangerl et al. (2008c) , who applied them in a large-scale rock mass consolidation study (Zangerl et al. 2008a, b) . Closure and shear of joints and faults around Alpine tunnels in response to drainage and pore pressure drawdown is shown to be significant and the cause of surface settlements amounting to about 4 cm (Zangerl et al. 2008b) . For these reasons, it has to be assumed that the estimated fracture transmissivities have the tendency to underestimate the values under natural pore pressure conditions.
In summary, all assumptions made for the transmissivity derivation could have lead to a slight underestimation of the true fracture transmissivity. To compare the uncertainty of the reported transmissivity values resulting from the three different flow models, a probability density function has been assumed for each parameter included in the three different models (Fig. 12) . Rate, specific storage and yield are assumed to be lognormally distributed, whereas radius, time, depth and drawdown, are assumed to be distributed normally. The probability density function of transmissivity, derived by Monte Carlo analysis, has then been computed for each selected 100-m interval based on the assumed parameter distributions and on standard deviations. Two parameter scenarios have been investigated: a "best guess" that assumes relatively small parameter standard deviations and a "worst case" with upper bound parameter standard deviations (Table 10 ). Specific storage is poorly known, assumed to be constant and equal to 10 −6 1/m (Löw et al. 1996) . For this reason, this parameter has been given the highest standard deviation (10 −5 1/m). The resulting transmissivity histograms for three selected 100-m tunnel intervals (one per transmissivity model) and for each scenario are plotted in Fig. 21 . For the best guess parameter distributions, the Jacob and Lohman and the constant head boundary models result in transmissivity values which are lognormally distributed and remain within one log cycle. This uncertainty of the estimated values is acceptable especially when compared to the uncertainties resulting from other types of largescale transmissivity estimation. In contrast, the distribution resulting from the linear flow model spreads over five orders of magnitude. This high variability is related to the head gradient which is raised to the power of four in the linear flow transmissivity equation. For the worst case, the uncertainty in transmissivity for all transmissivity models is only slightly increased. Consequently one can be confident in the transmissivity values derived from the two radial flow models, and relatively cautious with the transmissivity values derived with the linear flow transmissivity model. This is confirmed by the large transmissivity variations resulting from the linear flow model as shown in Fig. 17 (triangles) . The uncertainties in the hydraulic conductivity models result from some of their strong and unverified assumptions such as infinite extent of homogeneous parallel planes for the vertical fracture model or the homogeneous distribution and interconnectivity of conductive fractures for both isotropic models.
Transmissivity and effective hydraulic conductivity distribution
As shown in Fig. 13 , the shape of both dripping and continuous inflow transmissivity distributions is close to the shape of a lognormal distribution, whereas in Fig. 14 , when both types of transmissivity values are summed over each 100-m interval, the resulting distribution looks bimodal and skewed. This bimodal aspect could result from an incomplete sampling of continuous inflow rates lower than 0.01 l/s or from an underestimation of the dripping rates. If it reflects reality, then it implies that continuous inflows and dripping zones are issued from different fracture systems. This explanation would support the conceptual model hypothesis that dripping inflows are related to a small fracture network belonging to the matrix, whereas continuous inflows are often related to a bigger network of faults.
The effective hydraulic conductivity distribution of all geological units combined (Fig. 20) , is about 10 −8 m/s for the isotropically oriented fracture model, ranges from 10 −8 to 10 −5 m/s for the vertical fault zone model and is about 10 −10 m/s for the matrix model. Again, the unloading zone in the uppermost 200-400 m is clearly visible, both in the combined plot and in the individual foliated rock units (toppling can not occur in granites because they lack a steeply dipping foliation set).
Concerning the individual geologic unit plots, a decrease of the effective hydraulic conductivity with depths below the unloading zone is weakly expressed in gneisses and schists of ASG and GSG. For all other geologic units, effective hydraulic conductivity remains more or less constant with increasing depth. The presence of a decrease in the hydraulic conductivity for some gneisses and schists with increasing depth can be explained by the lower stiffness of fractures and faults in gneisses and schists compared to granitic rocks. As shown by Laws et al. (2003) fractured zones in gneisses (damage zones with cm-spaced fractures with 1-mm infill and microfractures) of the Aar Massif have tangent Young's moduli (at 5 MPa confining pressure) ranging between 0.05-1.3 GPa, whereas the same zones in granites show values ranging between 1.5 and 14 GPa. At the same confining pressure of 5 MPa, the ratio of stiffness of the fault core (cohesionless microbreccia) in granite and the stiffness of the fault core in gneiss is about 3. This implies that, at least at shallow depth, gneisses and schists have a stronger response to changes in effective stress (Laws et al. 2003) . For brittle faults with thick infillings of cataclastic materials, the relationships between stress and permeability as derived for porous media might be applicable-as in, for example, the Kozeny-Carman equation. For smooth parallel plate joints, the cubic law relates aperture change to permeability. Both relationships imply a strong non-linearity between porosity change and permeability. Therefore, stiffer fault rocks at greater depth (see Laws et al. 2003 ) might still show depth-dependant transmissivity.
Comparison with other studies
Systematic analyses of tunnel inflows have also been carried out in other regions (e.g. Cesano et al. (2000; Gargini et al. 2008) . Cesano et al. (2000) showed that the thickness and composition of the weathered material and unconsolidated deposits above the intact bedrock surface were important factors in regulating groundwater inflows to the Bolmen tunnel (Sweden). The Bolmen tunnel's depth varies between 30 and 90 m, whereas in the present study, in Switzerland most of the inflows considered come from bigger depths. For shallow flow systems, the effects of surface deposits on groundwater recharge and tunnel inflow are much more pronounced. As shown by spring observations and numerical modeling (e.g. Loew et al. Plots of simulated transmissivity distributions for: a the 1,400-1,500-m interval of KW Oberhasli Gadmenwasser supply gallery (radial flow without recharge transmissivity model) with best-guess parameter standard deviations; b the same interval with worst-case parameter standard deviations; c the interval 500-600 m of the same gallery (radial flow with constant head boundary transmissivity model) with best-guess parameter standard deviations and; d the same interval with worst-case parameter standard deviations; e the 14,400-14,500-m interval of Gotthard SBB railway tunnel (linear flow transmissivity model) with best-guess parameter standard deviations; f the same interval with worst-case parameter standard deviations 2007; Ofterdinger 2001) the interactions between the water table and the draining tunnel are of minor importance for deep Alpine tunnels. Gargini et al. (2008) integrated a large amount of spring and tunnel inflow data in the Northern Apennines and identified three distinct and hierarchically nested groundwater-flow systems. The shallowest (150-200 m deep) and most permeable was hosted by the detensioned portion of the rock mass. A second flow system reaching 300-400 m depth, and a third flow system of up to 2,000 m depth were related to tectonic faults. In comparison to observations for this Swiss study, the first flow system type can be confirmed. Because of the stronger relief, the depth of the mass movement and unloading phenomena is deeper in the Swiss study area (Klemenz 1974 ).
The published transmissivity and effective hydraulic conductivity values of crystalline rocks are mainly derived from borehole packer tests (Mazurek 1993; Stober 1997) . When comparing transmissivity or permeability values obtained from tunnel inflow data with transmissivity or effective hydraulic conductivity values derived from packer tests, it is important to note that the volume tested by a deep tunnel is much bigger than that of a surfacebased borehole hydrotest. This is due to the large pressure drawdown induced by an open deep tunnel, the drawdown duration and the dimensions of the excavation. This might influence the comparison of hydraulic conductivity if this property is indeed scale-dependent as suggested for example by Brace (1980) and Clauser (1992) .
The deepest inflow (1.2 l/s) included in the full data set was reported from the Bedretto gallery at a depth of 1,515 m. The existence of high inflows into underground excavations in crystalline rocks of that depth is not surprising. In the French part of Mont Blanc tunnel (linking France to Italy), for example, a cumulate inflow rate of 140 l/s was measured along a 750-m section whose depth is greater than or equal to 2,000 m (Gudefin 1967) . Moreover, the existence of deep water circulation in crystalline rocks has been demonstrated in several deep boreholes. For example, in a hot dry rock (HDR) well in Urach, Germany, water circulation in an open fracture system has been detected by hydraulic tests at depths of 3 −4 km (Stober and Bucher 1999 ).
An extensive review and a discussion of deep borehole hydraulic test results from crystalline rocks can be found in Stober and Bucher (2007) . The range of hydraulic conductivity values derived for granites in the present study (K=10 According to Stober and Bucher (1999) , granites of the Black Forest (Germany) are on average more permeable than gneisses. This difference is attributed to differences in texture and mineral composition which in turn causes granites to deform in a more brittle fashion than gneisses. Stober (1995; 1997) also reports that, in the Black Forest, a general permeability decrease with depth characterizes the gneisses but not the granites. Both trends can also be identified in the data set reported in this paper.
Summary and conclusions
In the central Aar and Gotthard massifs (Switzerland), groundwater inflows to 136 km of tunnels and galleries have been analyzed in order to characterize the hydraulic properties of different geological units and investigate their dependency on different parameters like depth, lithology and tectonic faulting. Inflow rates per 100 m of tunnel are converted into transmissivity values by means of basic transmissivity models like the Jacob and Lohman approximation for radial flow to a well with constant drawdown. Transmissivity values are then converted into hydraulic conductivity values with analytical equivalent porous medium (EPM) models.
The distribution of inflow frequency and rate can be described by two main depth intervals. The first interval ranges from the surface down to 200-400 m of depth. In most of the geological units (ANG, AAG, GHG, GMB), this interval is characterized by a low inflow frequency and rate, both of which increase with depth. Exceptions are AIK, GAK and GSG geological units which exhibit relatively high frequencies and rates from the surface. The authors interpret this interval to be a variably saturated zone of enhanced permeability resulting from stress release and slope deformation phenomena. Stress release and slope deformations (often related to deep toppling) can open joints and induce very high, large effective hydraulic conductivities. Given the Alpine topography, the inflows in these near surface sections can be low because of deep water tables (tunnel sections can be above the water table initially or after short term drainage). Therefore, close to the surface (up to 200-400 m) the spatial distribution of groundwater flow depends on:
-Topography: steep slopes in hard rocks are more susceptible to unloading phenomena and gravitational movements than moderate hill slopes -Valley orientation with respect to the foliation: toppling occurs when the steeply dipping foliation runs parallel to the valley axes -Rock fabric: rocks presenting no foliation (granites or massive gneisses) are not affected by toppling but can develop exfoliation fractures parallel to the topography that decrease in frequency and persistence with depth
Below 200-400 m depth, increasing (AAG) and decreasing (ASG, GAK, GSG) trends of inflow rates are observed, as long as they are not superimposed by a few strong inflows from brittle fault zones. These differences in trends are related to the variations in stiffness of fractured gneisses and granites-as shown by lab experiments on cores from the Aar massif at 5 MPa confining pressure, the stiffness of fractured zones (damage zones) in gneisses is about one order of magnitude smaller than in granites. The authors suggest that the stiffness of fractured granites is so low, that in the upper 400-1,500 m, increasing effective stresses with depth has no measurable effect on fracture apertures and permeability. On the other hand, the induced hydraulic head gradients around tunnels that increase with depths lead to slightly increasing inflow rates in this depth interval. The low stiffness of fractured rocks in gneisses and schists significantly reduces fractures apertures and transmissivity in the observed depth range of up to 1,500 m.
Below 200-400-m-depth brittle faulting is the dominant parameter controlling inflow frequency and rate. The study shows that significant regional variations in brittle tectonic overprint exist. Mainly ductile Alpine deformation structures (fine grained metamorphic mylonites) are found in the Aar massif shear zones, whereas in the Gotthard massif, most ductile Alpine shear zones have been strongly reactivated under brittle conditions. The more intensive brittle tectonic overprint of the Gotthard massif clearly translates into a higher mean tunnel inflow rate compared to the Aar massif.
The spacing distribution of inflows along tunnels or galleries is a function of the inflow rate. Low rate inflows (dripping zones) follow a negative exponential distribution and are more evenly distributed and more abundant than higher-rate inflows (continuous inflows) which follow power law distributions and appear in clusters. Inflows with outstanding rates are rare and unpredictable. However, these rare and extreme inflows have a big impact on the total flow into an underground excavation. Whereas in the entire study area, the mean inflow rate per 100-m tunnel segment is about 2 l/s; more than 90% of the total flow rate is fed by intervals whose rate is bigger or equal to 1 l/s. Transmissivity distribution has been derived from the fracture inflows to 100-m-long tunnel segments using three types of analytical flow models, frequently used in the analysis of tunnel inflows. These models rely on important assumptions regarding fracture persistence, leakage, laminar flow and hydro-mechanical coupling. It is shown that the analytical equations used have the tendency to underestimate the undisturbed fracture transmissivities.
Down to 200-400 m depth, transmissivity values per 100 m of tunnel (10 −9 -10 −1 m 2 /s) are higher on average and are more scattered than at larger depths (10 −9 -10 −4 m 2 /s). The higher transmissivity is a real characteristic of the shallower part of the rock mass, whereas the higher scatter of the data could be partially an artifact resulting from the difficulty to interpret and convert shallow tunnel inflow rates into transmissivity values. The transmissivity values tend to decrease in the gneissic or schistous geological units (ASG, GSG), whereas no trend is observed for the granitic units (AAG, GAK, GHG). The transmissivity distribution of continuous inflows is close to a lognormal distribution.
As equivalent porous medium (EPM) hydraulic conductivities are computed with mean transmissivities, they essentially show the same characteristics. A more permeable zone at shallow depths (up to 200-400 m) is characterized by values ranging between 10 −10 and 10 −4 m/s. A deeper zone of constant (AAG, GHG) or decreasing (ASG, GSG, GAK) hydraulic conductivity shows values ranging between 10 −10 and 10 −7 m/s. The decrease in EPM hydraulic conductivity is again related to effective stress dependant closure of fractures in gneissic rocks or schists. Strong deviations from these trends are related to brittle faults that appear as important preferential groundwater pathways, also at great depth. 
Dc ¼ c 2 À c 1 ð6Þ
